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ABSTRACT
The JAK/STAT pathway is constitutively activated in myeloproliferative 
neoplasms and can be inhibited by ruxolitinib, a selective JAK1/2 inhibitor. The 
JAK2V617F mutation leads to constitutive STAT3 phosphorylation and potentially leads 
to inhibition of Stathmin 1 activity via STAT3. In support of this hypothesis, we found 
that, in HEL JAK2V617F cells, ruxolitinib treatment decreased STAT3 and Stathmin 1 
association, induced Stathmin 1 activation and microtubule instability. Silencing of 
Stathmin 1 significantly reduced cell proliferation and clonal growth, and increased 
apoptosis induced by ruxolitinib. Stathmin 1 silencing also prevented ruxolitinib-
induced microtubule instability. To phenocopy the effect of Stathmin 1 inhibition, cells 
were treated with paclitaxel, a microtubule-stabilizing drug, in association or not with 
ruxolitinib; combined treatment significantly increased apoptosis, when compared to 
monotherapy. Notably, Stathmin 1 mRNA levels were highly expressed in CD34+ cells 
from primary myelofibrosis patients. We then proposed that an undesired effect of 
ruxolitinib treatment may constitute Stathmin 1 activation and microtubule instability 
in JAK2V617F cells. Induction of microtubule stability, through Stathmin 1 silencing 
or paclitaxel treatment, combined with ruxolitinib could be an effective strategy for 
promoting apoptosis in JAK2V617F cells.
INTRODUCTION
Philadelphia chromosome-negative myeloproliferative 
neoplasms (MPNs), including essential thrombocythemia 
(ET), polycythemia vera (PV) and primary myelofibrosis 
(PMF), are characterized by increased myeloid proliferation, 
with predominant megakaryocytic, erythroid, and 
megakaryocytic/granulocytic expansion, respectively, and 
have a potential to leukemia transformation [1]. A gain of 
function mutation, V617F, in Janus kinase 2 (JAK2) gene 
has been reported in most PV cases and in more than half of 
ET and PMF cases [2]. However, the presence of multiple 
disease phenotypes and the absence of JAK2 mutation in 
some cases of MPN indicates that additional genetic lesions 
or/and aberrant signaling pathways may be involved in the 
pathogenesis and progression of the MPN [1, 2].
Stathmin 1, also named Oncoprotein 18 (OP18) or 
Leukemia-associated phosphoprotein p18 (LAP18), is a 
microtubule destabilizer that plays an important function 
in cell proliferation, clonogenicity, differentiation, motility 
and survival [3]. In normal hematopoiesis, high Stathmin 1 
expression correlates with the proliferative ability of early 
hematopoietic progenitors, and the downregulation of this 
protein is required for efficient cell differentiation [4, 5]. 
Stathmin 1 knockout mice presented two human-like 
phenotypes of hematopoietic disorders; megaloblastic 
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anemia and thrombocytosis [6]. In malignant 
hematopoiesis, Stathmin 1 overexpression was reported 
in acute myeloid leukemia, acute lymphoid leukemia and 
myelodysplastic syndromes [7, 8, 9]. Notably, Stathmin 1 
silencing reduces cell proliferation and clonogenicity of 
leukemia cell lines [9, 10, 11].
Signaling pathways deregulated in MPN have the 
potential to regulate Stathmin 1 activity. For instance, 
PI3K, ERK1/2 and JNK1/2 regulate the activity of 
Stathmin 1 through its phosphorylation at serine 25 and/or 
38 [3, 12]. More importantly, activated STAT3 binds to 
and inhibits Stathmin 1, resulting in microtubule stability 
in non-Hodgkin lymphoma and gastric cancer human cell 
lines [13, 14], but Stathmin 1 has never been investigated 
in MPN. Thus, we aimed to investigate, in a JAK2V617F cell 
line, Stathmin 1 function and the effects of ruxolitinib on 
Stathmin 1 activation and cell phenotype. We also aimed 
to evaluate Stathmin 1 expression in CD34+ cells from 
BCR-ABL1 negative MPN patients.
RESULTS
Ruxolitinib treatment increases microtubule 
instability
Given that STAT3 binds to and inhibits Stathmin 1 
in non-Hodgkin lymphoma and gastric cancer human cell 
lines [13, 14], we first confirmed the association of STAT3 
and Stathmin 1 in HEL cells, which was abrogated by 
ruxolitinib treatment (Figure 1A), possibly due to STAT3 
phosphorylation inhibition induced by ruxolitinib [15]. 
Next, we evaluated the effects of ruxolitinib treatment 
on Stathmin 1 activity and microtubule stability by 
assessment of Stathmin 1 serine 16 phosphorylation 
(an inhibitory site), alpha-tubulin acetylation (a marker 
of microtubule stability) and confocal analysis of 
microtubule networks in the JAK2V617F cell model. In 
HEL cells, ruxolitinib treatment induced a slight decrease 
in Stathmin 1 phosphorylation and a marked reduction 
of alpha-tubulin acetylation, indicating increased 
microtubule instability (Figure 1B). Confocal analysis 
corroborated our results obtained with the microtubule 
stability markers, evidencing that ruxolitinib-treated 
HEL cells present a more diffuse microtubule network 
(Figure 1C).
Stathmin 1 silencing reduces cell proliferation 
and clonogenicity, and increases the pro-
apoptotic effects of ruxolitinib
In order to investigate the function of Stathmin 1 in 
a JAK2V617F cell line, HEL cells were stably transduced 
with lentiviral constructs encoding shRNA targeting 
Stathmin 1 (shSTMN1) or a shRNA targeting a control 
sequence (shControl). After polyclonal cell selection 
with puromycin, the efficient Stathmin 1 silencing was 
verified by qPCR and Western blotting (Figure 2A). 
We next evaluated the effect of Stathmin 1 silencing on 
cell viability and proliferation, in the presence or not of 
the selective JAK1/2 inhibitor ruxolitinib. Stathmin 1 
silencing significantly reduced cell viabilty compared to 
control cells, and had an additive effect with ruxolitinib 
treatment (p < 0.05, Figure 2B). Ki-67 analysis revealed 
that Stathmin 1 silencing significantly reduced cell 
proliferation, but did not have additive effects with 
ruxolitinib treatment on cell proliferation (Figure 2C). 
Regarding long-term proliferative potential, Stathmin 1 
silencing significantly reduced the number of colonies 
(p < 0.05, Figure 2D). Since ruxolitinib treatment (100 nM 
and 300 nM) strongly decreased colony formation, no 
further effect of Stathmin 1 inhibition on colony numbers 
was observed (Figure 2D), except in very low dose of 
ruxolitinib (10 nM; Supplementary Figure 1).
We then investigated whether the Stathmin 
1-silencing-induced decreased cell number was also due 
to increased apoptosis. Flow cytometry analysis revealed 
that Stathmin 1 silencing did not alter apoptosis in 
DMSO-treated HEL cells. However, Stathmin 1 silencing 
significantly increased apoptosis induced by ruxolitinib 
treatment at 300 nM (p < 0.01, Figure 3). Taken together, 
these results indicate that Stathmin 1 silencing alone 
decreases the proliferation and colony formation of 
HEL cells. When combined with ruxolitinib, Stathmin 1 
silencing amplifies ruxolitinib-induced apoptosis in 
JAK2V617F cells.
Inhibition of JAK2/STAT3 signaling increases 
Stathmin 1 activity and microtubule instability 
in HEL cells
The effects of Stathmin 1 silencing, in combination or 
not with ruxolitinib treatment, on microtubule dynamics and 
apoptosis were assessed by the evaluation of alpha-tubulin 
acetylation and caspase 3/PARP1 cleavage, respectively. 
Immunoblotting analysis of shControl cells treated with 
ruxolitinib revealed decreased alpha-tubulin acetylation 
levels, indicating increased microtubule instability. In 
contrast, Stathmin 1 silencing increased acetyl-alpha-
tubulin levels and prevented the loss of microtubule stability 
induced by ruxolitinib. As expected, ruxolitinib treatment 
reduced JAK2 and STAT3 phosphorylation levels in both 
shSTMN1 and shControl cells (Figure 4). In agreement 
with Annexin V staining results, the levels of cleaved 
caspase 3 and cleaved PARP1 increased upon ruxolitinib 
treatment, and higher levels of caspase 3/PARP1 cleavage 
were observed in shSTMN1 compared with shControl cells 
treated with 300 nM ruxolitinib (Figure 4). These results 
indicate that Stathmin 1 is involved in the microtubule 
instability during ruxolitinib treatment, possibly due to the 
downregulation of STAT3 activity.
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Paclitaxel-induced microtubule stability 
improves ruxolitinib response
We next sought to evaluate whether 
pharmacological induction of microtubule stability 
by paclitaxel improved the response to ruxolitinib 
treatment, in a manner similar to the of Stathmin 1 
silencing. Notably, paclitaxel combined with ruxolitinib 
treatment resulted in a greater reduction in cell viability 
and higher levels of apoptosis, compared with each 
treatment alone (Figure 5; p < 0.05). Western blot 
analysis indicated that paclitaxel was able to induce 
Stathmin 1 phosphorylation at serine 16 (an inhibitory 
site), overlapping the ruxolitinib effect and maintaining 
high levels of microtubule stability (Figure 6). 
Accordingly, paclitaxel plus ruxolitinib treatment 
resulted in increased levels of cleaved caspase 3 and 
cleaved PARP1 compared with paclitaxel or ruxolitinib 
alone (Figure 6).
Stathmin 1 is highly expressed in primary 
myelofibrosis patients
Aberrant Stathmin 1 expression has been 
described in several hematological malignancies, 
including lymphomas [8, 16], acute leukemias [7, 9, 17] 
and myelodysplastic syndromes [9, 18]. In addition, 
leukemia-related oncogenes, including BCR-ABL1 [19] 
and PML-RARα [20], have been associated with 
Stathmin 1 upregulation. Thus, we investigated Stathmin 
Figure 1: Ruxolitinib treatment induces microtubule instability. A. Immunoprecipitation (IP) with anti-STAT3 and 
immunobloting (IB) with anti-Stathmin 1 in total extracts from HEL cells, treated or not with ruxolitinib (300 nM). Isotype IgG antibody 
was used as a negative control of the immunoprecipitation; total cell extracts were used as positive controls for immunoblotting. B. Western 
blot analysis for Stathmin 1 serine 16 phosphorylation (an inhibitory site) (p-Stathmin 1S16) and alpha-tubulin acetylation (a marker of 
microtubule stability) (Ac-α-TubulinL40) levels in total cell extracts from HEL cells treated or not with different concentration of ruxolitinib 
(100 and 300 nM). The antibodies used for immunoblotting (IB) are indicated. The decreased p-Stathmin 1 and Ac-α-Tubulin levels 
indicate Stathmin 1 activation and microtubule instability upon ruxolitinib treatment. Immunoblotting for phospho STAT3 and total 
STAT3 confirmed the inhibitory effect of ruxolitinib on STAT3 activation; actin was used as a loading control. C. Confocal analysis of 
HEL cells, treated or not with different concentration of ruxolitinib (100 and 300 nM), displaying α-Tubulin (green) and DAPI (blue) 
staining;  MERGE shows the overlapped images. Scale bars are shown in the figure (10 μm). Note more diffuse microtubule networks in 
ruxolutinib-treated cells.
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Figure 2: Stathmin 1 silencing reduces cell proliferation and clonogenicity. A. Stathmin 1 mRNA and protein expression in HEL 
cells transduced with lentivirus-mediated shRNA control (shControl) or Stathmin 1 (shSTMN1). The antibodies used for immunoblotting 
(IB) are indicated. B. Cell viability was determined by MTT assay after 48 hours of incubation of shSTMN1 and normalized by the 
corresponding shControl cells. Results are shown as mean ± SD of six independent experiments; *p < 0.05, **p < 0.01; Mann–Whitney 
test. C. Ki-67 mean of fluorescence intensity (M.F.I.) was determinated by flow cytrometry after incubation of shSTMN1 for 48 h and 
normalized by the correponding shControl cells. Results are shown as mean ± SD of four independent experiments; *p < 0.05, Student 
t test. D. Colonies containing viable cells were detected by MTT after 10 days of culture of shSTMN1 and normalized by the corresponding 
shControl cells. Colony images are representative of one experiment and the bar graphs show the mean ± SD of at least six independent 
experiments; ***p < 0.0001; Student t test. The assays were performed in the presence or not of ruxolitinib (100 and 300 nM) as indicated.
Figure 3: Stathmin 1 inhibition increases the pro-apoptotic effects of ruxolitinib treatment. A. Apoptosis was detected by 
flow cytometry in HEL cells transduced with shControl and shSTMN1 using Annexin-V/PI staining method and a representative dot plot 
is illustrated. B. Bar graphs show the mean ± SD of six independent experiments; **p < 0.01; Student t test. The assays were performed in 
the presence or not of ruxolitinib (100 and 300 nM) as indicated.
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1 expression in PB CD34+ cells from healthy donors and 
patients with PV, ET and PMF and we also stratified 
the MPN patients according to the presence, or not, of 
JAK2V617F and CALR mutations. Stathmin 1 transcripts 
were significantly increased in PB CD34+ cells from 
PMF patients, compared with healthy donors (median 
2.73 [range 0.49–8.32] vs. 1.08 [0.08–7.17], respectively, 
p = 0.005); however no significant difference in Stathmin 
1 expression was observed in PB CD34+ cells from ET 
(1.10 [range 0.07–6.98]) and PV (0.98 [0.18–6.02]) 
patients, compared with healthy donors (Figure 7A). 
Stathmin 1 expression did not differ in MPN patients 
when stratified according to JAK2 mutation status 
(JAK2WT = 1.08 [range 0.07–6.99] vs. JAK2V617F = 1.61 
[range 0.19–8.32], p = 0.20) (Figure 7B) or CALR 
mutation status (CALRWT=1.48 [0.19–8.32] vs. 
CALRMUT = 1.08 [range 0.07–6.99], p = 0.45) 
(Figure 7C).
DISCUSSION
The relevance of Stathmin 1 in hematological 
malignancies has been well described in acute leukemia 
and lymphoma [7, 8, 9, 17, 21, 22]. However, studies 
addressing Stathmin 1 expression and function in 
MPN are still lacking. Using the JAK2V617F HEL cell 
Figure 4: Stathmin 1 silencing prevents microtubule instability induced by ruxolitinib treatment. Western blot analysis 
for p-Stathmin 1S16, Stathmin 1, alpha-tubulin acetylation (Ac-alpha-tubulinL40), p-STAT3Y705, p-JAK2Y221, caspase 3 (total and cleaved) and 
cleaved PARP1 levels in total cell extracts from shControl and shSTMN1 cells treated or not with ruxolitinib at 100 or 300 nM; membranes 
were reprobed with the antibody for detection of the respective total protein or actin, and developed with the ECL Western Blot Analysis 
System.
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model, we observed that Stathmin 1 silencing reduced 
cell proliferation and clonal growth. These findings 
are in agreement with our previous results in U937 
(myeloid leukemia cell line) and Namalwa (lymphoid 
leukemia cell line) cells [9], and in the BCR-ABL1 
K562 cells, as reported by two independent groups 
[10, 11]. Importantly, in HEL cells, Stathmin 1 silencing 
presented an additional effect, futher reducting of 
cell viability and increasing the apoptosis induced by 
ruxolitinib, a selective JAK1/2 inhibitor approved by 
the FDA for the treatment of intermediate and high-risk 
PMF. In PMF patients, results from a phase III clinical 
trial demonstrated that ruxolitinib is well-tolerated, 
reduces inflammatory cytokines and splenomegaly, 
and ameliorates constitutional symptoms, but does not 
reverse bone marrow fibrosis [23, 24, 25], suggesting a 
requirement of additional therapeutic strategies. Thus, 
preclinical studies using combined drugs are emerging 
in an attempt to improve the response to JAK inhibitors 
[26, 27, 28, 29, 30].
Ruxolitinib inhibits the constitutional activation 
of the JAK/STAT pathway, including STAT3 [15]. The 
cross-talk between STAT3 and Stathmin 1 signaling 
has been previously described in other cell lines from 
mice (NSC-34 mouse motor neuron-like hybrid cells), 
rats (PC12 pheochromocytoma cells) [31] and humans 
(Hut78 T-lymphoma cells [13], and SGC7901 and 
MGC803 gastric cancer cells [14]). STAT3 is a nuclear 
transcriptional activator that also induces microtubule 
stability by the inactivation of Stathmin 1 in the cytoplasm 
[13, 14]. We then identified the cross-talk between STAT3 
and Stathmin 1 signaling, also in HEL cells. Ruxolitinib 
downregulated STAT3 activity and STAT3/Stathmin 1 
association, releasing and activating Stathmin 1 and 
increasing microtubule instability. Corroborating 
this hypothesis, microtubule stability was rescued by 
Stathmin 1 silencing during ruxolitinib treatment.
In order to verify whether microtubule stability 
might be involved in the improved response of 
Stathmin 1 silenced cells to ruxolitinib, paclitaxel 
was used. Paclitaxel is a microtubule-targeted 
chemotherapeutic drug that induces microtubule 
polymerization, cell-cycle block at the metaphase-
anaphase transition and cell death, and is the first line 
Figure 5: Paclitaxel-induced microtubule stability improves ruxolitinib response. A. Apoptosis was detected by flow 
cytometry in HEL cells treated or not with paclitaxel (5 or 10 nM) and/or ruxolitinib (300 nM) using Annexin-V/PI staining method and 
a representative dot plot is illustrated. B. Bar graphs show the mean ± SD of six independent experiments; *p < 0.01 vs. untreated cells, 
#p ≤ 0.001 vs. ruxolitinib or paclitaxel monotherapy at the corresponding dose; Student’s t test. C. Cell viability was determined by MTT 
assay after 48 hours of incubation of HEL cells treated or not with paclitaxel (5 or 10 nM) and/or ruxolitinib (300 nM), and normalized 
by untreated HEL cells. Results are shown as mean ± SD of six independent experiments; *p ≤ 0.002 vs. untreated cells, #p ≤ 0.02 vs. 
ruxolitinib or paclitaxel monotherapy at the corresponding dose; Mann–Whitney test.
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treatment for specific solid tumors [32]. Interestingly, 
combined paclitaxel plus ruxolitinib treatment resulted 
in a significant reduction in cell viability and increased 
apoptosis, compared to monotherapy. In HEL cells, 
we then observed that paclitaxel treatment resulted 
in the same cell phenotype, as induced by Stathmin 1 
silencing. Our results are summarized and illustrated in 
Figure 7D.
Stathmin 1 expression was found to be upregulated 
in CD34+ cells from PMF patients. This finding can not 
yet be fully explained. In solid tumors, high Stathmin 1 
expression correlates with tumor growth and progression 
[3]. Of note, Stathmin 1 expression is associated with 
the proliferative potential of early hematopoietic 
progenitors [4]. Evidence from ex vivo studies indicate 
that PMF CD34+ cells have a proliferative advantage, 
when compared to normal CD34+ cells [33]. Thus, 
we speculate that the high expression of Stathmin 1 
in PB CD34+ PMF samples may contribute to the 
increased proliferative potential during early stages of 
cell differentiation. In contrast, in differentiated-MPN 
cells, Stathmin 1 inhibition and STAT3 activation 
Figure 6: Paclitaxel treatment leads to Stathmin 1S16 phosphorylation and potentiates ruxolitinib-induced caspase  
3/PARP1 cleavage. Western blot analysis for p-Stathmin 1S16, alpha-tubulin acetylation (Ac-alpha-acetylationL40), p-STAT3Y705, 
p-JAK2Y221, caspase 3 (total and cleaved) and cleaved PARP1 levels in total cell extracts from HEL cells treated, or not, with paclitaxel 
(5 or 10 nM) and/or ruxolitinib (300 nM); membranes were reprobed with the antibody for the detection of the respective total protein or 
actin, and developed with the ECL Western Blot analysis system.
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may predominate. An important study recently found 
that Stat3 deletion increased hematopoietic stem 
cell compartments in Jak2V617F knock-in mice [34], 
corroborating the relevance of STAT3 activation in 
differentiated cells. It should also be pointed out that 
gene expression analysis may not reflect the protein 
activity in primary MPN cells. Given the relevance of 
Stathmin 1 in HEL JAK2V617F cells, herein identified, 
further studies to better elucidate the participation of 
Stathmin 1/STAT3 axis in primary samples from PMF 
patients will be of importance.
We then proposed that an undesired effect 
of ruxolitinib treatment may constitute Stathmin 1 
activation and microtubule instability in JAK2V617F cells. 
Pharmacologic inhibition of Stathmin 1, in association 
with ruxolitinib treatment, may be an interesting strategy 
for inducing apoptosis in JAK2V617F cells. Our findings add 
new insights for Stathmin 1 involvement in the JAK2V617F 
signaling pathway in MPN.
MATERIALS AND METHODS
Primary samples
CD34+ cells were obtained from a total of 
22 peripheral blood (PB) samples collected from healthy 
donors (median age 44.5 years [range 37.3–51.1]) selected 
from the Blood Bank of the institution, and from 82 patients 
with MPN (median age 63.9 years [range 20.0–87.5]), 
including ET (n = 34), PV (n = 23) and PMF (n = 25) 
followed in the outpatient clinics of the University of 
Campinas. This study was approved by the Institutional 
and National Review Board in accordance to the Helsinki 
Declaration;. Patients were submitted to diagnosis evaluation 
according to the Word Health Organization 2008 criteria 
[35]. Seventy-six out of 82 patients were in regular use of 
hydroxyurea at the time of sampling, and none of the patients 
had received chemotherapy nor JAK1/2 inhibitor treatment 
before sampling. Among the patients, 52 were positive for 
Figure 7: Stathmin 1 mRNA levels in CD34+ cells from healthy donors and patients with myeloproliferative 
neoplasms. A. qPCR analysis of Stathmin 1 (STMN1) mRNA expression in peripheral blood (PB) CD34+ cells from healthy donors 
(HD), and from patients with a diagnosis of essential thrombocythemia (ET), polycythemia vera (PV) and primary myelofibrosis (PMF), 
and from myeloproliferative neoplasms (MPN) patients stratified by B. JAK2V617F or C. CALR exon 9 mutational status. Horizontal lines 
indicate medians. The number of subjects and p values (Mann–Whitney test) are indicated in the graph. D. Potential model for Stathmin 1 
function in HEL cells; the constitutive activation of JAK2 by the V617F mutation leads to STAT3 phosphorylation, Stathmin 1 inhibition 
and microtubule stability. Ruxolitinib treatment inhibits JAK2 and STAT3 activity, decreasing the Stathmin 1 and STAT3 association, which 
consequently releases Stathmin 1 and leads to microtubule instability. Paclitaxel treatment overcomes the effect of ruxolitinib treatment, 
inhibiting Stathmin 1 and increasing microtubule stability. Abbreviations: Ac: acetylation.
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JAK2V617F mutation, 20 for CALR exon 9 indel mutation, 
9 were double negative for both mutations, and 1 patient was 
JAK2 wild-type but had not been tested for CALR mutation. 
JAK2 and CALR mutations were investigated as previously 
described [36, 37].
Cell culture and chemical reagents
The HEL cell line, which is known to harbor 
the JAK2V617F mutation, was obtained from ATCC, 
Philadelphia, PA, USA. Cells were cultured in RPMI 
containing 10% fetal bovine serum (FBS) and glutamine 
with penicillin/streptomycin and amphotericin B, 
and maintained at 37°C, 5% CO2. Ruxolitinib, a 
selective JAK1/2 inhibitor, was obtained from Novartis 
Pharmaceuticals (Basel, Switzerland). Paclitaxel, a 
microtubule-stabilizing drug, was obtained from INTAS 
Pharmaceuticals (Ahmedabd, India).
Quantitative PCR (qPCR) analysis
Quantitative PCR (qPCR) was performed with an 
ABI 7500 Sequence Detector System (Applied Biosystems, 
Foster City, CA, USA) with specific primers for 
Stathmin 1 (forward: AGCCCTCGGTCAAAAGAATC; 
reverse: TTCAAGACCTCAGCTTCATGGG) [38] 
and HPRT (hypoxanthine phosphoribosyltransferase 1; 
forward: GAACGTCTTGCTCGAGATGTGA; reverse: 
TCCAGCAGGTCAGCAAAGAAT). The relative 
quantification value was calculated using the equation 
2-ΔΔCT [39]. A negative ‘No Template Control’ was 
included for each primer pair. The dissociation protocol 
was performed at the end of each run to check for non-
specific amplification. Three replicas were run on the same 
plate for each sample.
Immunoprecipitation and Western blot
Equal amounts of protein were used for total extracts 
or for immunoprecipitation with specific antibodies, 
followed by SDS-PAGE and Western blot analysis with 
the indicated antibodies (carried out using the ECL™ 
Western Blotting Analysis System; Amersham Pharmacia 
Biotech Ltd., Buckinghamshire, UK), as previously 
described. Antibodies against p-Stathmin 1 (p-OP18 
S16, sc-12948-R), Stathmin 1 (OP18, sc-55531), alpha-
tubulin (sc-5286), JAK2 (sc-294), STAT3 (sc-7179), PARP1 
(sc-56197) and actin (sc-1616) were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibodies against 
p-JAK2 Y221 (#3774S), p-STAT3 Y705 (#9131S) and 
caspase 3 (#8G10) were from Cell Signaling Technology 
(Danvers, MA, USA). The antibody against acetyl-alpha-
tubulin L40 (ab24610) was from Abcam (Cambridge, 
MA, USA).
Confocal immunofluorescence microscopy
HEL cells treated or not with ruxolitinib (100 or 
300 nM) for 48 hours, were attached on cover slips 
coated with poly-L-lisine (1 mg/mL), fixed with 4% 
paraformaldehyde, permeabilized with 0.5% Triton 
X-PBS and blocked with 3% bovine serum albumin (BSA) 
PBS. Cells were then incubated with anti-alpha-tubulin 
Alexa Fluor® 488 conjugate (1:200 in 3% BSA PBS; 
eBioscience, San Diego, CA, USA) for 12 hours, and 
followed by three PBS washes. The slides were mounted 
in ProLong Gold Anti-Fade Mounting Medium with DAPI 
(Life Technologies, Carlsbad, CA, USA). Images were 
generated using a confocal laser-scanning microscope 
(LSM 510, Carl Zeiss, Welwyn Garden City, UK).
Lentivirus transduction
HEL cells were transduced with lentivirus-
mediated shRNA nonspecific control (sc-108080) or 
lentivirus-mediated shRNA targeting Stathmin 1 (containing 
three target-specific constructs; sc-36127-V) from Santa 
Cruz Biotechnology (Santa Cruz Biotechnology) and 
named shControl and shSTMN1 cells, respectively. 
Briefly, 2 ×105 cells were transduced with lentivirus by 
spinoculation at multiplicity of infection equal to 1 and 
selected by 0.75 μg/mL puromycin.
Methylthiazoletetrazolium (MTT) assay
Cell viability was measured by MTT assay. 
ShControl and shSTMN1 cells were serum-starved in 
0.5% FBS for 12 hours. A total of 2.5 × 104 cells per well 
were then cultured in a 96-well plate in RPMI 10% FBS in 
presence or not of ruxolitinib (100 and 300 nM). Paclitaxel 
(5 and 10 nM) was also used in the presence or not of 
ruxolitinib (300 nM). Next, 10 μL of a 5 mg/mL solution 
of MTT were added to the wells followed by incubation at 
37°C for 4 hours. The reaction was stopped using 100 μL 
of 0.1N HCl in anhydrous isopropanol. Cell viability was 
evaluated by measuring the absorbance at 570 nm, using 
an automated plate reader. All conditions were tested in 
six replicates.
Assessment of cell proliferation by Ki-67 staining
Cells were treated, or not, with different 
concentrations of ruxolitinib (100 or 300 nM) for 48 
hours, fixed with 70% ethanol and stored at −20°C. 
Ki-67 staining was performed following the manufacturer’s 
instructions (Ki-67 FITC clone B56; BD Bioscience, 
San Jose, CA, USA) and the mean of fluorescence 
intensity (M.F.I) was obtained by flow cytometry using a 
FACSCalibur (Becton Dickinson, San Jose, CA, USA). IgG 
isotype was used as negative control for each condition. 
Ten thousand events were acquired for each sample.
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Colony formation assay
Colony formation was carried out in semisolid 
methyl cellulose medium (1×103 cell/mL; MethoCult 
4230; StemCell Technologies Inc., Vancouver, BC, 
Canada). Colonies were detected after 10 days of culture 
by adding 1 mg/mL of MTT reagent and scored by Image 
J quantification software (U.S. National Institutes of 
Health, Bethesda, MD, USA).
Assessment of apoptosis by Annexin V and 
PI staining
Cells were seeded on 24-well plates and treated or 
not with different concentrations of ruxolitinib (100 or 
300 nM) and/or paclitaxel (5 or 10 nM) for 48 hours. 
Cells were then washed twice with ice cold PBS and 
resuspended in binding buffer containing 1 μg/mL PI 
and 1 μg/mL APC labeled Annexin-V. All specimens 
were analyzed by flow cytometry (FACSCalibur; Becton 
Dickinson) after incubation for 15 minutes at room 
temperature in a light-protected area. Ten thousand events 
were acquired for each sample.
Statistical analysis
Statistical analyses were performed using GraphPad 
Instat 5 (GraphPad Software, Inc., San. Diego, CA, USA). 
For comparisons, Student’s t-test or Mann–Whitney 
test were used for measured factors, as appropriate. 
A p value <0.05 was considered as statistically significant.
ACKNOWLEDGMENTS
The authors would like to thank Dr Nicola Conran 
and Raquel S Foglio for English revision and Tereza 
Salles for her valuable technical assistance. We also 
thank the National Institute of Science and Technology 
for Photonics Applied to Cell Biology (INFABIC) for 
providing access to equipment and assistance. This work 
was suppoted by Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq), Fundação de Amparo 
à Pesquisa do Estado de São Paulo (FAPESP). Grant 
numbers: 610021/2009-5; 2011/06840-5; 2011/51959-0; 
2012/09982-8, 2014/23092-0.
CONFLICTS OF INTEREST
The authors declare that they have no competing 
interests.
REFERENCES
1. Thoennissen NH, Krug UO, Lee DH, Kawamata N, 
Iwanski GB, Lasho T, Weiss T, Nowak D, 
 Koren-Michowitz M, Kato M, Sanada M, Shih LY, 
Nagler A, et al. Prevalence and prognostic impact of allelic 
imbalances associated with leukemic transformation of 
Philadelphia chromosome-negative myeloproliferative neo-
plasms. Blood. 2010; 115:2882–90.
2. Baxter EJ, Scott LM, Campbell PJ, East C, Fourouclas N, 
Swanton S, Vassiliou GS, Bench AJ, Boyd EM, Curtin N, 
Scott MA, Erber WN, Green AR. Acquired mutation of the 
tyrosine kinase JAK2 in human myeloproliferative disor-
ders. Lancet. 2005; 365:1054–61.
3. Belletti B, Baldassarre G. Stathmin: a protein with many 
tasks. New biomarker and potential target in cancer. Expert 
Opin Ther Targets. 2011; 15:1249–66.
4. Rabilloud T, Berthier R, Valette C, Garin J, Lawrence JJ. 
Induction of stathmin expression during erythropoietic dif-
ferentiation. Cell Growth Differ. 1995; 6:1307–14.
5. Iancu-Rubin C, Gajzer D, Tripodi J, Najfeld V, Gordon RE, 
Hoffman R, Atweh GF. Down-regulation of stathmin 
expression is required for megakaryocyte maturation and 
platelet production. Blood. 2011; 117:4580–9.
6. Ramlogan-Steel CA, Steel JC, Fathallah H, 
 Iancu-Rubin C, Soleimani M, Dong Z, Atweh GF. 
The Role of Stathmin, a Regulator of Mitosis, in 
Hematopoiesis. Blood (ASH Annual Meeting Abstracts). 
2012; 120: Abstract #3453.
7. Hanash SM, Strahler JR, Kuick R, Chu EH, Nichols D. 
Identification of a polypeptide associated with the malig-
nant phenotype in acute leukemia. J Biol Chem. 1988; 
263:12813–5.
8. Roos G, Brattsand G, Landberg G, Marklund U, 
Gullberg M. Expression of oncoprotein 18 in human leuke-
mias and lymphomas. Leukemia. 1993; 7:1538–46.
9. Machado-Neto JA, de Melo Campos P, Favaro P, 
Lazarini M, Lorand-Metze I, Costa FF, Olalla Saad ST, 
Traina F. Stathmin 1 is involved in the highly prolifera-
tive phenotype of high-risk myelodysplastic syndromes and 
acute leukemia cells. Leuk Res. 2014; 38:251–7.
10. Jeha S, Luo XN, Beran M, Kantarjian H, Atweh GF. 
Antisense RNA inhibition of phosphoprotein p18 expres-
sion abrogates the transformed phenotype of leukemic cells. 
Cancer Res. 1996; 56:1445–50.
11. Iancu C, Mistry SJ, Arkin S, Wallenstein S, Atweh GF. 
Effects of stathmin inhibition on the mitotic spindle. J Cell 
Sci. 2001; 114:909–16.
12. Machado-Neto JA, Saad ST, Traina F. Stathmin 1 in normal 
and malignant hematopoiesis. BMB Rep. 2014; 47:660–65.
13. Verma NK, Dourlat J, Davies AM, Long A, Liu WQ, 
Garbay C, Kelleher D, Volkov Y. STAT3-stathmin inter-
actions control microtubule dynamics in migrating T-cells. 
J Biol Chem. 2009; 284:12349–62.
14. Wei Z, Jiang X, Qiao H, Zhai B, Zhang L, Zhang Q, Wu Y, 
Jiang H, Sun X. STAT3 interacts with Skp2/p27/p21 path-
way to regulate the motility and invasion of gastric cancer 
cells. Cell Signal. 2013; 25:931–8.
Oncotarget29583www.impactjournals.com/oncotarget
15. Quintas-Cardama A, Vaddi K, Liu P, Manshouri T, Li J, 
Scherle PA, Caulder E, Wen X, Li Y, Waeltz P, Rupar M, 
Burn T, Lo Y, et al. Preclinical characterization of the selec-
tive JAK1/2 inhibitor INCB018424: therapeutic implica-
tions for the treatment of myeloproliferative neoplasms. 
Blood. 2010; 115:3109–17.
16. Marafioti T, Copie-Bergman C, Calaminici M, Paterson JC, 
Shende VH, Liu H, Baia M, Ramsay AD, Agostinelli C, 
Briere J, Clear A, Du MQ, Piccaluga PP, et al. Another look 
at follicular lymphoma: immunophenotypic and molecular 
analyses identify distinct follicular lymphoma subgroups. 
Histopathology. 2013; 62:860–75.
17. Melhem R, Hailat N, Kuick R, Hanash SM. Quantitative 
analysis of Op18 phosphorylation in childhood acute leu-
kemia. Leukemia. 1997; 11:1690–5.
18. Jiang H, Schiffer E, Song Z, Wang J, Zurbig P, 
Thedieck K, Moes S, Bantel H, Saal N, Jantos J, Brecht M, 
Jeno P, Hall MN, et al. Proteins induced by telomere 
dysfunction and DNA damage represent biomarkers of 
human aging and disease. Proc Natl Acad Sci U S A. 2008; 
105:11299–304.
19. Unwin RD, Sternberg DW, Lu Y, Pierce A, Gilliland DG, 
Whetton AD. Global effects of BCR/ABL and TEL/
PDGFRbeta expression on the proteome and phospho-
proteome: identification of the Rho pathway as a target of 
BCR/ABL. J Biol Chem. 2005; 280:6316–26.
20. Zada AA, Geletu MH, Pulikkan JA, Muller-Tidow C, 
Reddy VA, Christopeit M, Hiddemann WD, Behre HM, 
Tenen DG, Behre G. Proteomic analysis of acute promyelo-
cytic leukemia: PML-RARalpha leads to decreased phosphor-
ylation of OP18 at serine 63. Proteomics. 2006; 6:5705–19.
21. Melhem RF, Zhu XX, Hailat N, Strahler JR, Hanash SM. 
Characterization of the gene for a proliferation-related 
phosphoprotein (oncoprotein 18) expressed in high amounts 
in acute leukemia. J Biol Chem. 1991; 266:17747–53.
22. Brattsand G, Roos G, Marklund U, Ueda H, Landberg G, 
Nanberg E, Sideras P, Gullberg M. Quantitative analysis 
of the expression and regulation of an activation-regulated 
phosphoprotein (oncoprotein 18) in normal and neoplastic 
cells. Leukemia. 1993; 7:569–79.
23. Pardanani A, Vannucchi AM, Passamonti F, Cervantes F, 
Barbui T, Tefferi A. JAK inhibitor therapy for myelofibro-
sis: critical assessment of value and limitations. Leukemia. 
2011; 25:218–25.
24. Harrison C, Kiladjian JJ, Al-Ali HK, Gisslinger H, 
Waltzman R, Stalbovskaya V, McQuitty M, Hunter DS, 
Levy R, Knoops L, Cervantes F, Vannucchi AM, Barbui T, 
et al. JAK inhibition with ruxolitinib versus best avail-
able therapy for myelofibrosis. N Engl J Med. 2012; 
366:787–98.
25. Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, 
DiPersio JF, Catalano JV, Deininger M, Miller C, 
Silver RT, Talpaz M, Winton EF, Harvey JH, Jr. et al. 
A double-blind, placebo-controlled trial of ruxolitinib for 
myelofibrosis. N Engl J Med. 2012; 366:799–807.
26. Fiskus W, Verstovsek S, Manshouri T, Smith JE, Peth K, 
Abhyankar S, McGuirk J, Bhalla KN. Dual PI3K/AKT/
mTOR inhibitor BEZ235 synergistically enhances the activ-
ity of JAK2 inhibitor against cultured and primary human 
myeloproliferative neoplasm cells. Mol Cancer Ther. 2013; 
12:577–88.
27. Bogani C, Bartalucci N, Martinelli S, Tozzi L, 
Guglielmelli P, Bosi A, Vannucchi AM. mTOR inhibitors 
alone and in combination with JAK2 inhibitors effectively 
inhibit cells of myeloproliferative neoplasms. PLoS One. 
2013; 8:e54826.
28. Evrot E, Ebel N, Romanet V, Roelli C, Andraos R, 
Qian Z, Dolemeyer A, Dammassa E, Sterker D, Cozens R, 
Hofmann F, Murakami M, Baffert F, et al. JAK1/2 and 
Pan-deacetylase inhibitor combination therapy yields 
improved efficacy in preclinical mouse models of 
JAK2V617F-driven disease. Clin Cancer Res. 2013; 
19:6230–41.
29. Choong ML, Pecquet C, Pendharkar V, Diaconu CC, 
Yong JW, Tai SJ, Wang SF, Defour JP, Sangthongpitag K, 
Villeval JL, Vainchenker W, Constantinescu SN, Lee MA. 
Combination treatment for myeloproliferative neoplasms 
using JAK and pan-class I PI3K inhibitors. J Cell Mol Med. 
2013; 17:1397–409.
30. Bhagwat N, Koppikar P, Keller M, Marubayashi S, 
Shank K, Rampal R, Qi J, Kleppe M, Patel HJ, Shah SK, 
Taldone T, Bradner JE, Chiosis G, et al. Improved targeting 
of JAK2 leads to increased therapeutic efficacy in myelo-
proliferative neoplasms. Blood. 2014; 123:2075–83.
31. Ng DC, Lin BH, Lim CP, Huang G, Zhang T, Poli V, 
Cao X. Stat3 regulates microtubules by antagonizing the 
depolymerization activity of stathmin. J Cell Biol. 2006; 
172:245–57.
32. Jordan MA, Wilson L. Microtubules as a target for antican-
cer drugs. Nat Rev Cancer. 2004; 4:253–65.
33. Gilles L, Arslan AD, Konstantinoff K, McNulty M, Terra L, 
Pardanani A, Stein BL, Plo I, Vainchenker W, Platanias L, 
Tefferi A, Crispino JD. Defect in Ribosome Biogenesis 
Contributes to Impaired Megakaryopoiesis in Primary 
Myelofibrosis. Blood (ASH Annual Meeting Abstracts). 
2014; 124:4585.
34. Yan D, Jobe F, Hutchison RE, Mohi G. Deletion of Stat3 
enhances myeloid cell expansion and increases the severity 
of myeloproliferative neoplasms in Jak2V617F knock-in 
mice. Leukemia. 2015; doi:10.1038/leu.2015.116.
35. Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, 
Stein H, Thiele J, Vardiman JW. WHO Classification 
of Tumours of Haematopoietic and Lymphoid Tissues. 
Fourth ed., IARC, Lyon, 2008.
36. da Silva RR, Domingues Hatzlhofer BL, Machado CG, 
Lima AS, de Albuquerque DM, dos Santos MN, Fertrin KY, 
Costa FF, Araujo Ada S, Bezerra MA. JAK2 V617F 
mutation prevalence in myeloproliferative neoplasms in 
Pernambuco, Brazil. Genet Test Mol Biomarkers. 2012; 
16:802–5.
Oncotarget29584www.impactjournals.com/oncotarget
37. Chi J, Nicolaou KA, Nicolaidou V, Koumas L, Mitsidou A, 
Pierides C, Manoloukos M, Barbouti K, Melanthiou F, 
Prokopiou C, Vassiliou GS, Costeas P. Calreticulin gene 
exon 9 frameshift mutations in patients with thrombocyto-
sis. Leukemia. 2014; 28:1152–4.
38. Williams K, Ghosh R, Giridhar PV, Gu G, Case T, 
Belcher SM, Kasper S. Inhibition of stathmin1 
accelerates  the metastatic process. Cancer Res. 2012; 
72:5407–17.
39. Livak KJ, Schmittgen TD. Analysis of relative gene 
 expression data using real-time quantitative PCR and the 
2(-Delta Delta C(T)) Method. Methods. 2001; 25:402–8.
